ABSTRACT After the acute infection period, birds persistently infected with West Nile virus (family Flaviviridae, genus Flavivirus, WNV) occasionally shed virus into the bloodstream, but these virions normally are inactivated by neutralizing antibody. The current work tested the hypothesis that these host neutralizing antibodies protect mosquito vectors from WNV infection and reevaluated the minimum WNV infectious dose necessary to infect Culex tarsalis Coquillett. To determine whether host antibodies protect mosquitoes from infection, Cx. tarsalis and Culex stigmatosoma Dyar were fed bloodmeals containing avian blood, WNV, and sera with or without WNV-speciÞc neutralizing antibodies. When viral particles were completely bound by antibody, mosquitoes were protected from infection; however, when incompletely bound, WNV titers as low as 10 2.3 plaque-forming units (pfu)/ml resulted in 5% infection. These data indicated that avian antibodies were protective to mosquito vectors and were not dissociated during digestion. Because recrudescent viremias may not attain the same magnitude as initial acute viremias, Cx. tarsalis vector competence was reevaluated focusing on the fate of low-titered bloodmeals. Females were evaluated for vector competence after ingesting bloodmeals containing 10
, or 10 6.5 WNV pfu/ml. Infection increased with bloodmeal titer, with 1% of the mosquitoes ingesting 10 3.4 pfu/ml and 45% of the mosquitoes ingesting 10 6.5 pfu/ml developing disseminated infections. The incomplete neutralization of recrudescent virus may be sufÞcient to infect a low proportion of competent blood-feeding Culex mosquitoes and perhaps allow persistently infected birds to provide a mechanism for arbovirus overwintering.
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Arboviruses such as West Nile virus (family, Flaviviridae, genus Flavivirus, WNV) are maintained within a horizontal transmission cycle involving Culex vectors and avian hosts , Komar et al. 2003 , Reisen et al. 2005 . However, the mechanism(s) enabling WNV to overwinter where temperate winters slow or suspend horizontal virus transmission and drive mosquitoes into inactivity are not completely understood, but there are current examples of vertical transmission in mosquitoes (Goddard et al. 2003 , Anderson and Main 2006 , Reisen et al. 2006a , Anderson et al. 2008 ) and persistent infections in experimentally and naturally infected birds (Reisen et al. 2006a , Nemeth et al. 2009b , Wheeler 2011 .
Interestingly, WNV persistent infections in avian hosts occur in the presence of WNV-speciÞc neutralizing antibody (reviewed in Kuno 2001 , Nemeth et al. 2009b . Reisen et al. (2006a) and Wheeler (2011) reported evidence of WNV shedding into the bloodstream beyond the period of acute viremia (Ն2 wk postinfection). In addition, Nemeth et al. (2009b) reported infectious WNV and WNV RNA in the oral cavity of house sparrows (Passer domesticus) 30 and 44 d postinfection, respectively. Reisen et al. (2006a) detected WNV RNA in the sera of a house sparrow 6 wk postinfection, a Þnding conÞrmed by our recent study (Wheeler 2011) , where WNV RNA was detected in the blood of persistently infected birds up to 7 wk postinfection. All birds with sera positive for WNV RNA also had elevated neutralizing antibody titers that prevented the isolation of infectious virus.
In the current study, we addressed the hypothesis that host WNV-neutralizing antibodies protect bloodfeeding mosquitoes from WNV infection. If host antibodies are disassociated from antibody during bloodmeal digestion and do not protect mosquito vectors from infection, then recrudescent viremias detected in antibody positive birds could potentially infect blood-feeding mosquitoes. However, if neutralizing antibodies prevent WNV infection in mosquitoes, then transmission would not be reinitiated through mosquito blood feeding unless the intensity of the relapse allows some virus to escape neutralization.
Vector competence measures susceptibility to infection and the ability to transmit the pathogen after extrinsic incubation. In mosquitoes, competence frequently is related to the midgut epithelium that presents the most important barrier to infection and seems to be dose dependent (Hardy et al. 1983) . Komar et al. (2003) calculated that a viremia of 10 5.0 plaque-forming units (pfu) WNV/ml could be considered an approximate minimum avian viremia threshold for mosquito infection. This determination was based on vector competence studies, where Culex pipiens L. and Culex quinquefasciatus Say were fed bloodmeals containing 10 5.2 and 10 5.5 pfu/ml and only 2 and 6% transmitted virus, respectively (Sardelis et al. 2001 . However, subsequent vector competence studies indicated that some California mosquitoes became infected at Ͻ10 5.0 pfu/ml (Goddard et al. 2002; Reisen et al. 2005 Reisen et al. , 2008 and that infection followed a sigmoid probability dose-dependent function rather than a threshold response (Lord et al. 2006; Reisen et al. 2008) . Therefore, although bloodmeals that contained Ͻ10 5.0 pfu/ml were not likely to result in frequent mosquito infection, a low but consistent proportion of females became infected below this titer. Previously low-grade recrudescent viremias (Յ10 0.6 suckling mouse brain LD 50 ) were detected in pigeons (Columba cf. livia) persistently infected with WNV (Semenov et al. 1973) , indicating that recrudescent viremias may not attain the same magnitude as an initial acute viremia. This could be related to changes in host immunological status, where antibody levels at prolonged time points postinfection were insufÞcient to entirely neutralize recrudescent viremias. Therefore, it may be important to determine mosquito infection probability at low bloodmeal virus titers.
The two main aims of the current research were to 1) determine whether speciÞc neutralizing host antibodies protect mosquito vectors from WNV infection; and 2) reevaluate the vector competence of Cx. tarsalis, with emphasis on infection with low-titered bloodmeals. By addressing these two aims, a better understanding of factors that enable or inhibit WNV transmission from host to vector will be gained. These Þndings are especially important for our work focusing on whether persistent avian infections recrudesce and serve as an overwintering mechanism for WNV.
Materials and Methods
Experimental Design. SpeciÞc aims were addressed by two separate experiments. Experiment 1 determined whether host neutralizing antibodies protect mosquitoes from WNV infection by offering Cx. tarsalis or Cx. stigmatosoma bloodmeals containing avian blood, WNV, and avian sera negative or positive for WNV-neutralizing antibodies (Table 1) . Experiment 2 measured Cx. tarsalis vector competence, focusing on the potential for infection after ingesting a low-titered bloodmeal (Table 2) , simulating a low-titered WNV recrudescence. Mosquitoes. Mosquitoes species were selected for study because they were previously shown to be highly susceptible to WNV oral infection. Cx. tarsalis is an important WNV vector throughout California (Reisen et al. 2008) , and Cx. stigmatosoma was found to be especially susceptible to WNV infection, with a median infectious dose nearly 10-fold lower than other Culex species (Reisen et al. 2005 Before blood feeding, sugar and water were withheld for 24 (Cx. tarsalis) or 48 h (Cx. stigmatosoma). Cx. tarsalis females were fed using a Hemotek membrane feeding system (Discovery Workshops, Accrington, Lancashire, United Kingdom) with artiÞcial (experiment 1) or hog intestine (experiment 2) membranes. Mosquitoes were allowed to feed for up to 2 h; due to a low initial feeding response, mosquitoes were immediately offered a second bloodmeal during experiment 1. Cx. stigmatosoma refused to feed from the Hemotek and were fed on hanging drops suspended from the screened lid of their enclosure.
After feeding, mosquitoes were anesthetized with carbon dioxide, and blood-fed females were transferred to clean cartons. To assess virus titers within these artiÞcial bloodmeals, Þve mosquitoes were collected immediately after feeding (T 0 mosquitoes), placed individually into cryovials, and frozen to Ϫ80ЊC. The remaining blood-fed mosquitoes were held in groups of Յ50 in 0.67-liter (1-pint) paper cartons and held at 28ЊC and 75% humidity. Mosquitoes were provided with a 10% sucrose solution or dried cranberries and water for 10 (experiment 1) or 14 (experiment 2) days after blood feeding. At the end of the holding period, mosquitoes were anesthetized with triethylamine, and legs were separated from bodies to test for viral dissemination; all samples were stored individually at Ϫ80ЊC.
West Nile Virus. The CA04 strain of WN02 used throughout was isolated from a yellow-billed magpie (Pica nuttalli) found dead in Sacramento, CA, in 2004 and had been passaged three times on Vero cells before experimentation (GenBank accession DQ080059).
Bloodmeals. Experiment 1. Bloodmeals contained 2.0 ml of heparinized chicken blood, 1.0 ml of 10 8.8 pfu WNV/ml, and 1.0 ml (Cx. tarsalis) or 1.25 ml (Cx. stigmatosoma) of sera that were either negative (TARSneg and STIGneg) or positive (TARSpos and STIGpos) for WNV antibodies (Table 1) . Chicken blood and sera were collected from WNV antibodynegative chickens housed in mosquito-proof enclosures (University of CaliforniaÐDavis Internal Animal Care and Use CommitteeÐapproved protocol 15886). Because the Cx. stigmatosoma were fed with hanging drops, both the control and treatment bloodmeals were sweetened with sucrose to 2.5% by volume. The WNV antibody-positive sera were collected from six Western scrub-jays (Aphelocoma californica) that had been naturally infected with WNV and then experimentally challenged with the CA04 isolate of WNV. Sera were collected weekly 2Ð 6 wk postchallenge, pooled, heat inactivated for 30 min at 56ЊC, and the antibodies titered. The WNV-speciÞc neutralizing antibody endpoint titer of the pooled Western scrub-jay sera, determined by a 90% plaque reduction neutralization test (PRNT 90 , Beaty et al. 1995) , was 1:1280 (individual birds ranged from 1:640 to 1:2560). Because of the quantity of sera required, sufÞcient WNV antibody-negative Western scrub-jay sera were unavailable. Therefore, the bloodmeals for antibody negative TARSneg and STIGneg groups used WNV antibody-negative chicken sera. To prepare the bloodmeals, WNV and negative and positive sera were mixed 1:1 or 1:1.25 by volume and incubated at 4ЊC for 24 h to allow antibodyÐvirus binding. Before blood feeding, the sera and virus mixture was added to heparinized chicken blood and mixed. To estimate viral titer, aliquots of these bloodmeals were clariÞed by centrifugation and the sera frozen to Ϫ80ЊC until testing.
Experiment 2. Initial infectious bloodmeals were constructed from whole, WNV-antibody-negative, heparinized chicken blood. When this blood was mixed with viral titers Յ10 5.0 pfu/ml, the resultant bloodmeal had unexpectedly low or undetectable viral titers when plaque assays (see methods below) were performed on the undiluted bloodÐvirus mixture. However, when the bloodÐvirus mixtures were diluted 1:10 with virus diluent DulbeccoÕs modiÞed EagleÕs medium (Invitrogen, Carlsbad, CA), containing 5% penicillin and streptomycin, and 20% fetal bovine serum, titers were within the expected range. These Þndings were attributed to nonspeciÞc serumneutralizing factors or perhaps to the presence of heparin (Su et al. 2001) . To circumvent these factors, washed red blood cells (RBCs) were used for all subsequent bloodmeals. Heparinized chicken blood was centrifuged at 365 ϫ g, sera were removed and replaced with an equal volume of phosphate-buffered saline (PBS), and the mixture was gently pipetted up and down to mix; the process was repeated twice. To construct the infectious bloodmeals, 1.0 ml of WNV (CA04) diluted 10-fold in PBS from 10 3.0 to 10 7.0 pfu/ml was combined with 3.0 ml of washed RBCs and gently mixed to avoid hemolysis. Virus Assays. Mosquito bodies and legs were removed from Ϫ80ЊC storage, and 1.0 ml of virus diluent was added to each sample. All samples were homogenized individually by shaking with two 8-mm ball bearings on a mixer mill (MM300, Retsch, Haan, Germany) at a frequency of 24 cycles/s for 4 min in 2.0-ml cryovials. Total RNA was extracted from these homogenates using an ABI MagMAX 96 magnetic particle processor (Applied Biosystems, Foster City, CA) following the manufacturerÕs protocols. All samples then were screened for WNV RNA by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR), using previously published primers speciÞc for the envelope region of the viral genome (Lanciotti et al. 2000) and an ABI7900 TaqMan platform (Applied Biosystems).
Mosquito homogenates and bloodmeals also were tested for infectious virus by Vero cell plaque assay (Kramer et al. 2002) . In brief, Vero cells were grown to conßuence in six-well plates, media removed, and 100 l of mosquito homogenate supernatant was pipetted onto the monolayer and allowed to absorb for 1 h at 37ЊC. A double-overlay system was used, where the Þrst overlay was applied directly after the absorption period and contained 1% agarose, nutrient media and 3% sodium bicarbonate. The second overlay was applied 24 h after absorption and was similar to the Þrst overlay except that it also contained 3% neutral red. The plates were read 36 h after the absorption period. The limit of detection for this assay was Ն10 1.0 pfu/ml, the titer if one or more plaques were counted in a well containing an undiluted sample.
Results
Experiment 1. Cx. tarsalis. The infectious viral titers of the bloodmeals fed to TARSneg were 10 7.6 pfu/ml for the Þrst hour and 10 7.4 pfu/ml for the second hour (Table 1) . For TARSpos, infectious virus was not detected in the Þrst bloodmeal; therefore, the titer was Ͻ10 1.0 pfu/ml. Although we felt a sufÞcient quantity of antibody had been added to the second hour TARSpos bloodmeal to inactivate all viral particles, plaque assay results revealed infectious virus. To ensure that plaques would be enumerable for titer estimation, samples were serially diluted 10-fold. Plaques were not detected when the bloodmeal was tested undiluted, but two plaques were detected when the bloodmeal was diluted 10-fold; therefore, the second bloodmeal was estimated to contain 10 2.3 pfu/ml infectious or unbound WNV.
Results for the undigested bloodmeals within the T 0 mosquitoes agreed well with the above-mentioned analysis of the bloodÐvirus mixtures (Table 1 ). All Þve TARSneg T 0 mosquitoes were plaque assay positive for infectious virus, with a mean Ϯ SD titer of 10 4.9 Ϯ 0.4 pfu/ml, reßecting the Ϸ0.003 ml volume of the bloodmeal (Klowden and Lea 1978) . Plaque assays of the T 0 mosquitoes from TARSpos revealed the presence of infectious virus in the second bloodmeal. Although four of the Þve TARSpos T 0 mosquitoes were negative, one mosquito was positive with a low body titer of 10 1.3 pfu/ml.
WNV RNA was quantiÞed in Þve T 0 mosquitoes to ensure that bloodmeals fed to both TARSneg and TARSpos mosquitoes contained equal quantities of WNV and to conÞrm that the decrease in pfu detected in the TARSpos bloodmeal was attributable to antibody-mediated virus neutralization and not insufÞ-cient virus (Table 1 ). The mean cycle threshold (CT) values obtained by qRT-PCR for TARSneg and TARSpos were not signiÞcantly different (means for both ϭ 22.3; SD ϭ 1.04 and 0.44, respectively; t ϭ 0.05, df ϭ 8, P ϭ 0.96). This indicated that both treatment and control groups ingested similar quantities of virus, but infectious viral titer differed due to the inclusion of WNV-neutralizing antibodies in the TARSpos bloodmeal.
Ten days after blood feeding, individual TARSneg and TARSpos mosquitoes were tested by plaque assay for infectious virus and by qRT-PCR for WNV RNA (Table 1) . Overall, the TARSneg group (n ϭ 81) was 90 and 86% positive for WNV RNA and infectious virus, respectively. Conversely, TARSpos (n ϭ 81) was 4.9% (four mosquitoes) positive for WNV RNA, and 1.2% (one mosquito) positive for infectious WNV.
Cx. stigmatosoma. The WNV infectious titer determined by plaque assay for the STIGneg bloodmeal was 10 7.1 pfu/ml, whereas the STIGpos bloodmeal was Ͻ10 1.0 pfu/ml (Table 1 ). All Þve of the T 0 mosquitoes from STIGneg were positive for infectious WNV, with a mean Ϯ SD body titer of 10 4.0 Ϯ 0.2 pfu/ml, whereas infectious WNV was not detected in Þve T 0 STIGpos mosquitoes. When WNV RNA was quantiÞed by qRT-PCR, there was no signiÞcant difference (t ϭ 1.01, df ϭ 8, P ϭ 0.34) between the CT scores of T 0 mosquitoes from STIGneg (mean Ϯ SD ϭ 23.9 Ϯ 0.52) and STIGpos (mean Ϯ SD ϭ 23.1 Ϯ 0.52), again indicating that both groups were fed comparable quantities of WNV. However, unlike TARSpos, the viral particles in the STIGpos bloodmeal were completely bound and inactivated by neutralizing antibody and undetectable by plaque assay.
Ten days postfeeding, the STIGneg and STIGpos mosquitoes were evaluated for infectious WNV and WNV RNA (Table 1) . Overall, 72 and 62% (n ϭ 76) of the STIGneg females were positive for WNV RNA and infectious virus, respectively; there was no evidence of WNV RNA or infectious virus in STIGpos females (n ϭ 72).
Experiment 2. When plaque assays were performed on the WNV-infected bloodmeals, composed of washed RBCs suspended in PBS, it was determined that Cx. tarsalis mosquitoes were fed WNV titers of 10 , and 10 6.5 pfu/ml. However, plaque assays performed on Þve T 0 mosquitoes from each cohort yielded unexpected results. Considering that a female culicine mosquito imbibes Ϸ0.003 ml of blood per feeding (Klowden and Lea 1978) , the above-mentioned cohorts of mosquitoes should have ingested Ϸ10 , or 10 4.0 pfu/0.003 ml. However, WNV was only detected in cohorts that consumed 10 3.0 and 10 4.0 pfu/0.003 ml, and although virus was detected, titers were unexpectedly low (data not shown).
Both the bloodmeal and the T 0 mosquitoes were frozen to Ϫ80ЊC before performing plaque assays. When freezing WNV, we normally use a viral diluent containing 20% fetal bovine serum (FBS) to "protect" the virus during the freeze-thaw cycle, thereby maintaining viral titer. Bloodmeals with whole blood are routinely frozen before analysis without loss in titer, and although these samples are not augmented with FBS, the serum in the whole blood probably serves the same purpose as the FBS. Because vector competence bloodmeals in experiment 2 consisted of washed RBCs resuspended in PBS, WNV was frozen without the presence of serum. Interestingly, although the titer of virus in the T 0 mosquitoes was unexpectedly low, the titers of the 1.0 ml aliquots of bloodmeal were within the expected range. Therefore, the presence of serum in the bloodmeal seemed critical when freezing small volumes, whereas larger samples were less impacted.
To test this idea, WNV was diluted 10-fold in PBS containing 0, 10, or 20% FBS to titers from 10 2.0 to 10 7.0 pfu/ml. Samples were frozen at Ϫ80ЊC for 48 h at volumes of either 1.0 ml (large volume) or 0.003 ml (small volume). Because our plaque assay requires Ͼ0.003 ml, after the freeze-thaw, 1.0 ml of PBS was added to the small volume samples for assay; the same volume used to process T 0 mosquitoes. Based on the initial dilutions, the small volume samples contained Ͻ10 0.5 to 10 4.5 pfu/ml, respectively. In agreement with the plaque assay results obtained from the bloodmeal aliquots and T 0 mosquitoes described above, virus was only detected when samples contained Ն10 6.0 pfu/ml before freezing (Fig. 1) . However, when samples were frozen with 20% FBS, virus was detectable in samples that contained Ն10 3 pfu/ml before freezing. Based on these results, only titers obtained directly from the bloodmeal aliquots were used in the following analysis of vector competence.
Fourteen days postfeeding, Cx. tarsalis mosquitoes were assessed for WNV infection by testing mosquito bodies for WNV RNA and infectious virus by qRT-PCR and plaque assay, respectively (Table 2) . Legs from all positive mosquitoes were tested by plaque assay. None of the mosquitoes fed 10 2.2 pfu/ml (n ϭ 64) were positive for WNV RNA or infectious virus; however, when fed 10 3.4 pfu/ml one of 64 was infected and had positive legs, indicating a disseminated infection. Cx. tarsalis fed WNV titers of 10 4.5 , 10 5.5 , and 10 6.5 pfu/ml showed increasing infection rates similar to those reported previously (Reisen et al. 2008) . Based on logistic regressions (Fig. 2 ) Þtted in R (R Development Core Team 2011) to plaque assay results, there was no signiÞcant differences in the proportions of mosquitoes that were infected (body positive for infectious virus) and that had disseminated infections (legs positive for infectious virus) (Wald test for infection status; P Ͼ 0.9). Also, there was not a signiÞcant difference in trend with respect to viral titer between the two assay methods (Wald test for the interaction between viral titer and infection status; P Ͼ 0.8). Therefore, for the Cx. tarsalis used for this experiment, there was no indication that females infected by feeding on low-titered bloodmeals were less likely to develop a disseminated infection than those feeding on high-titered bloodmeals.
Discussion
The results from experiment 1 supported the hypothesis that host neutralizing antibodies bound to Vi l tit i t f th (l V ra er prior to freeze-aw (log 10 pfu/mL) Fig. 1 . Effect of FBS concentration on WNV titer during a 25ЊC to Ϫ80ЊC freeze-thaw cycle. Both 0.003-ml (A) and 1.0-ml (B) sample volumes were evaluated. virus particles within an infectious bloodmeal protected blood-feeding mosquitoes from WNV infection. Cx. tarsalis and Cx. stigmatosoma were fed high titers of WNV (Ͼ10 7.0 pfu/ml) either with or without the presence of high titered WNV-neutralizing antibody. Virus loads in these bloodmeals were similar as conÞrmed by qRT-PCR CT scores, a quantitative measure of viral RNA. When mosquitoes ingested high titers of WNV, sufÞcient to infect up to 90% of antibody negative group mosquitoes, all were protected if a sufÞcient quantity of neutralizing antibody was present. However, when the ratio of antibody to virus was insufÞcient to neutralize all viral particles, a low proportion of mosquitoes were infected. For example, STIGpos were fed 10 7.1 pfu/ml that was reduced to Ͻ10
1.0 pfu/ml by neutralizing antibody, and by 10 d after blood feeding all mosquitoes were negative for WNV infection. In contrast, TARSpos were fed 10 7.4 and 10 7.6 pfu/ml that had been reduced by neutralizing antibody to Ͻ10
1.0 and 10 2.3 pfu/ml, respectively. Here, 10 d after blood feeding, 5% of the TARSpos were positive for WNV RNA, presumably after feeding on the second incompletely neutralized bloodmeal.
House sparrows maintained robust neutralizing antibody titers for up to 2 yr post-WNV infection (Nemeth et al. 2009a) , possibly due to the intermittent release of viral particles in persistently infected birds. Our recent study (Wheeler 2011) detected WNV RNA in the sera of house sparrows up to 7 wk postinfection, despite the presence of high levels of neutralizing antibody; a Þnding also reported by Reisen et al. (2006a) . The current study indicated that if sufÞ-cient neutralizing antibodies were present to inactivate all viral particles, recrudescent or persistent viremias should not be infectious to blood-feeding mosquitoes. However, perturbations that compromise humoral immunity may lead to recrudescent viremias that may be infectious to mosquitoes. Even if intermittent shedding provides a "booster" effect to the hostÕs antibody titer, the effect may not be immediate if antibody decay has progressed to undetectable levels. This was exempliÞed by the ephemeral viremia produced in three of six house Þnches (Carpodacus mexicanus) previously infected with St. Louis encephalitis virus, held 6 mo until antibody titers waned, and then challenged with low titered virus (Reisen et al. 2001) . This result was not conÞrmed in a subsequent experiment where antibody titers were higher at challenge ).
As noted above, a small percentage of Cx. tarsalis mosquitoes in experiment 1 were WNV-infected after ingesting a bloodmeal consisting of Յ10 2.3 pfu/ml, a titer considered unlikely to produce a WNV infection. This Þnding prompted the reexamination of the doseÐ response aspect of Cx. tarsalis vector competence in experiment 2. Although WNV vector competence of Culex mosquitoes has been evaluated previously (Sardelis et al. 2001; Turell et al. 2001; Goddard et al. 2002; Reisen et al. 2005 Reisen et al. , 2008 , our study used an isolate of WNV representing the WN02 genotype and speciÞcally examined vector competence at low viral titers (Ͻ10 5.0 pfu/ml). Previously, it was suggested that most competent vectors required a bloodmeal consisting of Ն10 5.0 pfu/ml WNV (Komar et al. 2003) or Ն10 4.6 pfu/ml WNV (Kilpatrick et al. 2007 ) to become infected. However, Lord et al. (2006) argued that an absolute threshold presented too simplistic a model for infection and suggested that the probability of infection decreased as a logistic function of bloodmeal titer, rather than terminating abruptly at a minimal threshold. Large scale vector competence studies measuring spatial variation over time for WNV infection of several Culex species supported this concept and data Þt a sigmoidal logistic probability function (Reisen et al. 2008) . These mathematical functions agreed well with Chamberlain et al. (1954) who deÞned the threshold of infection as the lowest concentration of virus capable of causing an infection in Ϸ1Ð5% of mosquitoes.
Using ChamberlainÕs deÞnition, the lower threshold for Cx. tarsalis infection in the current study was 10 3.4 pfu/ml. As discussed by Lord et al. (2006) , when a bloodmeal contains a viral titer of 10 2.2 pfu/ml, a blood-feeding mosquito ingesting 0.003 ml has a 0.38 probability of a ingesting one or more virions (Table  3) . Therefore, in our cohorts of 64 mosquitoes, as many as 40 mosquitoes may not have ingested a single virion, and few would have ingested more than one. In contrast, when the bloodmeal contained 10 3.4 pfu/ml, nearly all the mosquitoes would have consumed at least one virion, but the probability of ingesting Ͼ10 equaled 0.23 (Table 3 ). In agreement, only one of 64 mosquitoes that ingested 10 3.4 pfu/ml became infected (Table 2) . If the quantity of virus ingested was sufÞcient to infect one mosquito and potentially 14 others also ingested Ͼ10 virions, then what inhibited these potential infections? It has frequently been noted that artiÞcial bloodmeals (such as those used here) often result in lower infection rates than blood- The probability of detecting additional virions (in bold) was 0.00. meals from infected hosts (Turell 1988, Hardy and Reeves 1990) . Weaver et al. (1993) demonstrated that when mosquitoes ingested Western equine encephalomyelitis virus (family Togaviridae, genus Alphavirus, WEEV) from an infected host, bloodmeal contraction during clotting, forced virions to align along the midgut epithelium. In contrast, when artiÞcial WEEVinfected bloodmeals consisting of washed red blood cells were ingested, viral particles remained more evenly distributed throughout the lumen of the midgut, reducing infection (Weaver et al. 1993) . Preventing coagulation of the blood is essential for producing artiÞcial bloodmeals, whether achieved by deÞbrination, heparin, or washing of the RBCs. Although preventing coagulation may have lowered the proportion of mosquitoes infected in experiment 2, use of an infected host would have diminished control over the bloodmeal titer (Reisen et al. 2006b ).
In experiment 1, Þve mosquitoes were WNV RNA positive, and one mosquito had developed a disseminated infection after ingesting a bloodmeal titer of 10 2.3 pfu/ml, a titer 10-fold lower than the Chamberlain threshold presented above. Populations of Culex in California have exhibited differing levels of vector competence over time and space (Goddard et al. 2002; Reisen et al. 2005 Reisen et al. , 2008 , presenting a problem with assigning Culex-wide infection thresholds. Although a bird that produces a 10 3.0 Ð 4.0 pfu/ml viremia will probabilistically infect less mosquitoes than a bird that produces a viremia Ͼ10 5.0 pfu/ml, some mosquitoes may still be infected. This low level of infection may be especially important with regard to mosquito infection from recrudescent viremias, which may not attain as elevated a titer as the initial infection (Semenov et al. 1973 ). Additional study is needed to assess the potential for persistent WNV infection recrudescence and to better understand the relationship between recrudescence and the maintenance of neutralizing antibody titer. These studies are critical to understanding the role of persistent infection in virus overwintering.
The interplay among host, pathogen and vector is complex. Because host antibodies bound to WNV particles were not disassociated during blood digestion and therefore were not infectious to blood-feeding mosquitoes, vector infection may only occur if recrudescent viremias exceed residual antibody titers. Here, we showed that a low number of mosquitoes may be infected at low viral titers. Although a relatively rare event, these mosquito infections may be biologically relevant considering the large size of Culex Þeld populations. Because some vector mosquitoes become infected after ingesting low viral titers, this may have important implications for host competence, maintenance of transmission, and the importance of recrudescent infections in the overwintering of arboviruses.
